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Abstract 

Chronic inflammation induced by amyloid-beta (A(3) plays a key role in the development of age-related macular degeneration 
(AMD), and matrix metalloproteinase-9 (MMP-9), interleukin (IL)-6, and IL-8 may be associated with chronic inflammation in 
AMD. Sirtuin 1 (SIRT1) regulates inflammation via inhibition of nuclear factor-kappa B (NF-kB) signaling, and resveratrol has 
been reported to prevent Ap-induced retinal degeneration; therefore, we investigated whether this action was mediated via 
activation of SIRT1 signaling. Human adult retinal pigment epithelial (RPE) cells were exposed to Ap, and overactivation and 
knockdown of SIRT1 were performed to investigate whether SIRT1 is required for abrogating Ap-induced inflammation. We 
found that Ap-induced RPE barrier disruption and expression of IL-6, IL-8, and MMP-9 were abrogated by the SIRT1 activator 
SRT1720, whereas alterations induced by Ap in SIRT1-silenced RPE cells were not attenuated by SRT1720. In addition, 
SRT1720 inhibited Ap-mediated NF-kB activation and decrease of the NF-kB inhibitor, IkBcc. Our findings suggest a protective 
role for SIRT1 signaling in Ap-dependent retinal degeneration and inflammation in AMD. 
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Introduction 

Age-related macular degeneration (AMD) is a principal 
cause of irreversible blindness in people over 65 years of 
age in industrialized countries. AMD is a multifactorial 
disease and its pathogenesis remains unexplored; however, 
recent evidence confirms that inflammation plays an 
important role in its pathology (1). Drusen, tiny yellow or 
white accumulations of extracellular material within the 
retina peculiar to AMD, have been suggested as high-risk 
factors for the development of chronic inflammation. (1,2). 
Amyloid-beta (Ap), a known constituent of drusen, is 
thought to contribute to development of AMD (3-5). 

The retina is an immune-privileged site protected by a 
local blood-retinal barrier (BRB), but it is not known how 
immune cells can pass through this barrier and cause 
chronic inflammation. A layer of retinal pigment epithelial 
(RPE) cells forms the outer BRB, and the inner BRB is 
formed by blood vessels of the inner retina. Alterations of 
the BRB play a crucial role in the development of AMD 
(6,7). The function of the outer BRB is dependent on well- 
developed tight junctions (TJs) between RPE cells, which 
are mediated by the transmembrane proteins occludin 



and the claudin family, and junctional adhesion 
molecules, along with the scaffolding zonula occludens 
protein-1 (ZO-1). Abnormal expression or localization of 
occludin and ZO-1 in RPE cells leads to barrier dysfunc- 
tion (8,9). The antioxidant resveratrol has been shown to 
protect ARPE-19, a spontaneously transformed RPE cell 
line, from Ap-induced barrier dysfunction (10). Our 
previous study found that matrix metalloproteinase-9 
(MMP-9) mediated Ap-induced barrier disruption, sug- 
gesting that MMP-9 contributes to chronic inflammation in 
AMD (11). Breakdown of the epithelial barrier would thus 
be both a stimulus for inflammation in tissue injury and a 
component of normal inflammatory processes that permit 
leukocyte influx into areas of tissue damage. 

Colocalization of Ap and activated complement 
immunoreactivity in AMD patients provide evidence for 
Ap deposition in the local inflammatory events contribut- 
ing to pathogenesis of AMD (12), and suggest that 
Ap-induced complement activation may be involved in 
chronic inflammation in AMD (13). Microarray analysis of 
gene expression in ARPE-19 revealed that Ap stimulation 
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significantly upregulated interleukin (IL)-8 gene expres- 
sion (14). Our previous study found that Ap stimulation 
increased IL-6, IL-8, and MMP-9 expression in human 
adult RPE cells (11). Increased intraocular concentrations 
of IL-6, IL-8, and MMP-9 have also been found in AMD 
patients, and the levels were significantly associated with 
the severity of the disease (15). However, the mechan- 
isms by which Ap upregulates inflammation-associated 
cytokines is largely unknown. 

Nuclear factor-kappa B (NF-kB), a key regulator of the 
inflammation response, is modulated by post-translational 
modifications, including reversible acetylation of the NF-kB 
RelA/p65 subunit (16). Full transcriptional activity of RelA/ 
p65 requires acetylation of Lys310, which can be deacety- 
lated by sirtuin 1 (SIRT1) (17). Resveratrol, an activator of 
SIRT1 (18), inhibits NF-kB signaling by promoting deacety- 
lation of Lys310 of RelA/p65 (16). Thus, SIRT1 may be a key 
regulator of inflammation in mammalian cells via inhibition of 
NF-kB activation. In this study, we explored the inhibitory 
role of SIRT1 in Ap-induced proinflammatory cytokine 
production and BRB disruption in human adult RPE cells 
by activating SIRT1 with SRT1720 or silencing SIRT1 with 
small-interfering RNA (siRNA). We further demonstrated 
that Ap-induced expressions of MMP-9, IL-8, and IL-6 were 
regulated by the SIRT1/NF-kB pathway. 

Material and Methods 

AP1-42 oligomerization and detection of Afi-i.42 
oligomers 

Oligomerized Ap (OAp) was synthesized as previously 
described (11). Briefly, lyophilized Ap 1 _ 42 peptide (Sigma- 
Aldrich, USA) was dissolved in 1.5 M hexafluoroisopro- 
panol (HFIP) on ice and aliquoted at -20°C. Ap monomers 
were spin-vacuumed just prior to use, diluted to 250 uM in 
HFIP solution, and kept at room temperature for 3 days to 
synthesize Ap oligomers. 

Several lines of evidence have demonstrated that 
soluble Ap oligomers may be better correlated with the 
severity of the disease than are monomers or insoluble 
amyloid fibrils (3,19). Therefore, the oligomeric form of 
APi_42 was verified using Western blot with the anti-Ap 
monoclonal antibody 6E10 (1:500, Covance, USA). 

Ethics 

Informed consent for human tissue donation was 
obtained from relatives, and the study protocol was 
approved by the Ethics Committee of the Tenth 
People's Hospital affiliated to the Tongji University and 
adhered to the tenets of the Declaration of Helsinki for 
experiments involving human tissue. 

Isolation of human RPE cells 

Five human donor eyes were obtained from the eye 
bank of the Eye & ENT Hospital of Fudan University, 
Shanghai, China. The donors were between 30 and 40 



years of age and none had a history of eye disease. Human 
RPE cells were harvested as described previously (11). In 
brief, whole eyes were cleaned in 0.9% NaCI solution, 
immersed in 5% polyvinylpyrrolidone iodine, and rinsed 
again in NaCI solution. The anterior segment was removed 
from each eye and the neural retina was peeled away from 
the RPE choroid sclera. The eyecup was rinsed with Ca 2+ - 
and Mg 2+ -free Hank's balanced salt solution, and treated 
with 0.25% trypsin for 1 h at 37°C. The trypsin was 
aspirated and replaced with DMEM/F12 (HyClone 
Laboratories, USA) supplemented with 20% fetal calf 
serum. The RPE cells isolated from the five donor eyes 
were combined, yielding about 10 s cells per milliliter. 

Silencing of SIRT1 by RNA interference 

To confirm the exact role of SIRT1 on MMP-9, IL-8, 
and IL-6 expression by OAp-stimulated cells, gene 
expression of SIRT1 was silenced by an RNA interference 
strategy. The SIRT1 silencer and negative siRNA were 
synthesized by Genepharma (China). The sequences 
were: SIRT1 siRNA, sense: 5'-GAUGAAGUUGACCUCC 
UCATT-3', anti-sense: 5'-UGAGGAGGUCAACUUC 
AUCTT-3'; and negative siRNA (siRNA-N), sense: 
5'-CCUACGCCACCAAUUUCGU-3', anti-sense: 5'-ACG 
AAAUUGGUGGCGGUAGG-3'. siRNA at a final concen- 
tration of 25 nM was combined with 10 ^L Lipofectamine 
2000 (Invitrogen, USA) in 500 uL DMEM/F12 and allowed 
to complex by incubation for 20 min. The RPE cells were 
incubated with the transfection mixture for 24 h, and the 
cells were transferred to culture medium as described 
above and incubated for 72 h before treatment. 

Cell viability assay 

Human adult RPE cells (2x 10 4 /well) seeded on 96- 
well plates were treated with 0.001-12.0 uM OAp for 24 h 
or treated with 0.3 uM OAp for 4-24 h. To determine its 
protective effect, cells were treated with 5 uM SRT1720 
(Cayman Chemical, USA) 1 h before or 1 h after 
treatment with 0.3 yiM OAp. In other experiments, RPE 
cells exposed to the transfection mixture (25 nM, 24 h) 
were treated with OAp with or without SRT1720. Cell 
viability was measured by addition of 3-(4,5-dimethylthiazol- 
2-yl)-5-(3-carboxymethoxyphenol)-2-(4-sulfophenyl)-2H- 
tetrazolium (MTS, Promega, USA) for 3 h at 37°C. The 
absorbance was measured spectrophotometrically at 
490 nm with a microplate reader (ELx800, Bio-Tek, USA). 

Real-time quantitative-PCR 

Total RNA was isolated using Trizol (Invitrogen) and 
reverse-transcribed to cDNA with RT Master Mix 
(TaKaRa, China). Expression of IL-8 and IL-6 was 
measured using a PCR mix (TaKaRa). The PCR primers 
were: IL-8, sense: 5'-GACATACTCCAAACCTTTCCAC-3', 
antisense: 5'-AAACTTCTCCACAACCCTCTG-3'; IL-6, 
sense: 5'-CACTCACCTCTTCAGAACGAAT-3', antisense: 
5'-TTTGTACTCATCTGCACAGCTC-3'. An ABI7500 



Braz J Med Biol Res 46(8) 2013 



www.bjournal.com.br 



SIRT1 protects human RPE from Ap-induced barrier disruption 



661 



RT-PCR system (Applied Biosystems, USA) was used. The 
RT-PCR results were normalized against (3-actin (sense: 5'- 
TGGGCATGGGTCAGAAGGATTCC-3', antisense: 5'- 
CCACACG CAGCTCATTGTAG AAG G-3 ' ) , which served 
as the control, and relative gene expression was reported 
as "fold-change", calculated using the AACt method. 

Gelatin zymography 

Gelatin zymography was carried out as previously 
described (11). Briefly, supernatant was collected after 
treatment and subjected to 10% SDS-PAGE with 1 mg/mL 
gelatin. After electrophoresis, gels were incubated in 2.5% 
Triton X-100 (1 h, 37°C) followed by overnight incubation 
in 50 mM Tris-HCI, pH 7.8, 5 mM CaCI 2 , 0.02% NaN 3 , and 
0.02% Brij. Gels were stained with 2.5% Coomassie blue 
R-250 (Bio-Rad, USA) for 45 min followed by destaining in 
deionized water with 10% acetic acid and 20% methanol. 
Gels were scanned and band densities were measured 
using Photoshop CS4.0 (Adobe Systems, USA). 

Cell morphology and immunofluorescence staining 

To confirm the protective role of SIRT1 on RPE barrier 
integrity, normal RPE cells or siRNA-transfected RPE 
cells were treated with 0.3 uM A(5 for 24 h, with or without 
pretreatment with 5 uM SRT1720 for 1 h. After 3 days, 
the cells were fixed in 4% paraformaldehyde for 30 min 
and blocked with 1% bovine serum albumin in Tris- 
buffered saline for 1 h, then incubated with rabbit anti- 
occludin antibody (1:250), mouse anti-ZO-1 antibody 
(1:250; Abeam, China), or rabbit anti-ezrin antibody 
(1:250; Anbo Biotechnology, USA) for 1 h. After washing, 
they were incubated with AlexaFluor 488-conjugated or 
AlexaFluor 594-conjugated secondary antibody (1:500; 
Invitrogen) and DAPI nuclear stain (1 : 1000) for 1 h. Slides 
were then viewed on a Leica TCS SP5 scanning confocal 
microscope (Leica Microsystems, Germany). For immu- 
nofluorescence analysis of nuclear translocation of NF- 
KB/p65, the cells were incubated with rabbit polyclonal 
anti-p65 primary antibody (1:500, Abeam) for 1 h and 
incubated with anti-rabbit AlexaFluor 488-conjugated 
secondary antibody and DAPI (1:1000) for 1 h. 

Measurement of transepithelial electrical resistance 
(TER) 

Normal or siRNA-transfected RPE cells were grown 
on a microporous filter to form monolayers. TER was 
measured using a Millicell electrical resistance system 
(Millipore, USA) and calculated by subtracting the value of 
a blank filter without cells from the experimental value. 
Final resistance x area products (fi x cm 2 ) were obtained 
by multiplying TER by the effective growth area. Fifteen 
days after TER stabilization, RPE monolayers were 
exposed to 0.3 uM OA(3 for 24 h in the presence or 
absence of 5 uM SRT1720 for 1 h. The culture medium 
was then changed, restoring normal conditions, and TER 
was measured after 3 days of incubation. Measurements 



were repeated at least four times for each filter, and each 
experiment was repeated at least four times. 

Permeability assay 

Permeability assays were performed by measuring 
passive permeation of fluorescein isothiocyanate (FITC)- 
dextran (4 kDa; Sigma-Aldrich) across confluent cells 
grown on filters. Fifteen days later, the monolayers were 
treated as described above, and 500 mg/mL FITC- 
dextran was added to the upper chamber after treatment. 
Samples (100 uL) were taken from the upper and lower 
chambers 24 h after addition of FITC-dextran. The 
concentration of FITC-dextran in the samples was 
measured with a microplate reader (ex1800; Biotek, 
USA). Each experiment was repeated four times. 

Protein extraction and Western blot analysis 

To explore the protective mechanism of SRT1720, 
protein levels of NF-kB, nuclear factor of kappa light 
polypeptide gene enhancer in B-cells inhibitor, alpha 
(kBa), a specific inhibitor of NF-kB activity, and SIRT1 
were analyzed by Western blot. Briefly, RPE cells were 
pretreated with 5 uM SRT1720for60 min, then the medium 
was changed immediately with 0.3 |xM A(3 for 4 h. Total 
proteins were obtained using radio-immunoprecipitation 
assay buffer (Abeam) containing proteinase inhibitor, and 
nuclear proteins were extracted following the manufac- 
turer's protocol. Protein content was determined by a 
bicinchoninic acid assay (Pierce, USA). Equal amounts of 
total cellular protein were loaded per lane onto 10% SDS- 
PAGE for electrophoresis and then transferred onto PVDF 
membranes. The membranes were blocked, and incubated 
with the primary antibody, rabbit polyclonal antibodies 
against kBa (Abeam, 1:2000), NF-kB p65/RelA (1:1000), 
or SIRT1/Sir2 (1:2000), and rabbit polyclonal antibodies 
against glyceraldehyde-3-phosphate dehydrogenase 
(1:2000) or TATA binding protein (1:1000), overnight. The 
membranes were then washed and incubated with horse- 
radish peroxidase-coupled secondary antibodies for 2 h. 
Blots were washed and developed with chemiluminescent 
reagent. Membranes were exposed to ImageQuant 
LAS 4000, and densitometry was performed using 
Photoshop CS4.0. 

Statistical analysis 

Results are reported as means ±SE. The unpaired 
/-test or ANOVA was used for statistical analysis (SPSS 
15.0, USA) and differences were considered to be 
significant at P<0.01 or P<0.05. 

Results 

Characterization of Api. 42 oligomers and morphology 
of human adult RPE cells 

A(5 samples were examined after incubation for 12 
or 72 h. Spherical oligomers, including trimers and 
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tetramers, were initially absent from freshly prepared Ap^ 
42 solutions or monomers (aggregated for less than 24 h). 
Western blots with anti-Ap antibody (6E10) further 
confirmed the presence of APi_ 42 as a monomer, trimer, 
and tetramer in the oligomerized Ap sample, whereas only 
monomers were detected in the fresh non-oligomerized 
Ap sample (Figure 1A). These results indicated that the 
Ap samples incubated for 72 h had aggregated, forming 
oligomers. 

Structure integrity is the basis of good function. To 
confirm that the isolated human adult RPE displayed 
classic morphology (uniform hexagonal arrays of cells), 
confluence, and uniform pigmentation typical of native 
tissue, the morphology of the cells was evaluated by 
fluorescence microscopy. Our previous data confirmed 
that isolated human adult RPE cells were heavily 
pigmented and had the hexagonal epithelial morphology 
seen in native tissue (11). Ezrin is a cytoskeleton protein 
that has been identified exclusively in RPE cell apical 
processes and has been associated with polarization of 
RPE cells (20). Apical localization of ezrin in cultured 
human adult RPE cultures was confirmed by fluorescence 
microscopy (Figure 1B). 

SIRT1 was required to protect RPE cells from Afi- 
induced cytotoxicity 

The effects of 0.001-12.0 uM OAp on cell viability 
were observed at 24 h (Figure 2A); mean cell viability was 
95% at 0.1 uM but fell to 30% at 12.0 uM. The effect of 
0.3 uM OAp on the viability of cells was assayed at 
4-24 h; cell survival gradually dropped from 87.6% at 4 h 
to 68.4% at 24 h (Figure 2B). This indicated that a time- 
and dose-dependent decrease in cell viability occurred in 
OAp-stimulated cells. Treatment with 5 uM SRT1720 1 h 
before or 1 h after 0.3 uM OAp treatment for 24 h 
increased cell viability by 33% (P<0.05) or 26% 
(P<0.01), respectively, compared with the OAp-treated 
group (P<0.01). However, inhibition of SIRT1 with SIRT1- 
specific siRNA resulted in an increased susceptibility of 
RPE cells to OAp stimulation and significantly attenuated 
SRT1720's protection against OAp (Figure 2C). This 
suggested that SRT1720 might protect RPE cells from 
OAp-induced cytotoxicity via the SIRT1 pathway. To 
confirm this result, we examined SIRT1 expression in 



Western blots. As shown in Figure 2D, SIRT1 expression 
was significantly decreased 2-fold in the OAp insult group 
compared with controls (P<0.05). Meanwhile, the expres- 
sion of SIRT1 was markedly increased when RPE cells 
were incubated with SRT1720 (P<0.01; Figure 2D). In 
addition, knockdown of SIRT1 completely blocked the 
effect of SRT1720 on SIRT1, and transfection of cells with 
siRNA-N did not abolish the positive effect of SRT1 720 on 
SIRT1 activation (Figure 2D). These data suggested that 
SIRT1 activation was essential for protection of RPE cells 
against OAp injury. 

SIRT1 negatively regulates OAp-induced 
inflammation and MMP-9 expression 

We have previously shown that OAp could increase 
IL-8, IL-6, and MMP-9 expression in human adult RPE 
cells (11). SRT1720, a potent SIRT1 agonist, has been 
reported to have anti-inflammatory properties (21). 
Therefore, we used SRT1720 to investigate the anti- 
inflammation function of SIRT1. For inhibition studies, 
SIRT1 expression was silenced by RNA interference. To 
demonstrate the anti-inflammation effects of SIRT1, we 
measured the expression levels of IL-8, IL-6, and MMP-9 
using RT-PCR and gelatin zymography. Treatment with 
SRT1720 significantly attenuated OAp-induced upregula- 
tion of IL-6, IL-8, and MMP-9, whereas the inhibitory 
effects of SRT1720 on OAp-induced upregulation of IL-6, 
IL-8, and MMP-9 were attenuated in the cells in which 
SIRT1 expression was knocked down (Figure 3). To test 
the time course of inflammation inhibition, SRT1720 was 
administered 1 h before or 1 h after OAp treatment. 
Inflammation was not significantly inhibited following 
SRT1720 administration 1 h after OAp stimulation com- 
pared with SRT1720 pretreatment (Figure 3). These 
results suggest that SIRT1 is required for blocking the 
OAp-induced proinflammatory effect. 

SIRT1 is required to attenuate OAp-induced 
disruption of barrier integrity 

Structures of occludin and ZO-1 are crucial to the 
development and maintenance of RPE morphology and 
function. Ezrin, one of the first proteins to be polarized, is 
localized mainly on the apical side of well-polarized 
human RPE cells (20). A recent study found that the 
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Figure 1. Confirmation of the oligomeric form of 
APi^ 2 ar| d localization of ezrin in human adult RPE 
cells. A, Oligomerization of Ap (1-42) was verified 
by Western blotting. M: monomer of Apt^ 2 ; Tr: 
trimer of Ap^; Te: tetramer of Ap^ MW: 
molecular weight. 6, Immunofluorescence staining 
for ezrin (green) in human adult RPE cells. The 
presence of ezrin on the apical side of the RPE 
microvilli is shown in confocal cross-sectional 
images (bottom). Nuclei are stained with DAPI 
(blue). 
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Figure 2. MTS assay of cell viability. A, MTS assay of cell viability after stimulation with different concentrations of OAp. Upon exposure 
to 0.001 uM OAp, no reduction of MTS activity was detected in cells, while a significant reduction was observed in response to 0.1- 
12 uM OAp treatment after 24 h. 6, MTS assay for cell viability after stimulation with 0.3 uM OAp for different times. RPE cells 
stimulated with 0.3 uM OAp demonstrated a time-dependent reduction of MTS activity dropping from 87.6% at 4 h to 68.4% at 24 h. C, 
MTS assay on normal or siRNA-transfected cells treated with OAp or SRT1720. SRT1720 attenuated OAp-induced decrease of cell 
viability, and knockdown of SIRT1 inhibited the protective effect of SIRT1 on cell viability. D, Western blot analysis of SIRT1 expression. 
The SIRT1 expression of OAp-stimulated cells was lower than that of control, and SRT1720 treatment significantly increased the SIRT1 
expression in OAp-stimulated cells. Transfection with SIRT1 siRNA blocked SIRT1 expression in cells, but transfection with negative 
siRNA did not affect the inhibitory effect of SRT1 720 on OAp-induced decrease of SIRT1 expression. Data are reported as means ±SE 
from 4 measurements. Each panel shows a representative experiment repeated three times with similar results. SRT: cells treated with 
SRT1720; SIRT1 siRNA: cells transfected with SIRT1 siRNA; siRNA-N: cells transfected with negative control of siRNA. *P<0.05, 
"P<0.01 (unpaired f-test and ANOVA). 



SIRT1 activator resveratrol could attenuate OAp-induced 
RPE barrier disruption (10). MMP-9 has been reported to 
modify barrier function by disrupting TJ proteins (22-24), 
and our previous study demonstrated that silence of 
MMP-9 partially abrogated the damaging effect of OAp on 
the RPE barrier (11). It has been demonstrated that 
SIRT1 is a negative regulator of MMP-9 expression in 
human monocytic cells in vitro (25). Based on the 
aforementioned result that demonstrated that SIRT1 
activation could inhibit OAp-induced expression of MMP- 
9 (Figure 3), we asked whether SIRT1 could protect RPE 
cells from OAp-induced RPE barrier disruption. Normal or 
siRNA-transfected RPE cells were exposed to OAp with 
or without SRT1720 pretreatment (1 h). In the control 
cells (Figure 4A), no morphological change was observed, 
the distribution of occludin and ZO-1 was continuous and 
regular with no breaks around the cell borders, and ezrin 
was localized mainly on the apical side. Exposure to Ap 
(Figure 4B) caused a diffuse cytoplasmic distribution of 
ZO-1 and occludin, and the immune staining of ezrin was 
dispersed on both sides of the cells. Pretreatment with 



SRT1720 (Figure 4C) inhibited the deleterious effects of 
Ap on RPE integrity. Knockdown of SIRT1 significantly 
abolished the protective effect of SRT1720 on OAp- 
induced barrier disruption (Figure 4D) compared with 
siRNA-N-transfected cells. These results suggested that 
SRT1720, with its anti-inflammatory properties might 
reverse the deleterious effects of Ap on RPE barrier 
structure. However, activation or inhibition of SIRT1 
expression could affect the localization of ezrin, and this 
result implied that ezrin expression or localization was not 
regulated by SIRT1. 

Barrier functional studies, including TER detection and 
permeability assays, were performed to confirm the 
protective effect of SIRT1 against the deleterious effect 
of OAp on the RPE barrier. TER (Figure 5A) was recorded 
to determine the stability of TJ proteins, and the 
transepithelial diffusion rate of FITC-dextran (Figure 5B) 
was measured to evaluate the permeability of the 
monolayers. A mean TER of 160±23ilxcm 2 was 
recorded in control cells. OAp decreased TER by 
83 ± 1 8 a x cm 2 , but pretreatment with SRT1 720 partially 
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Figure 3. Effects of Ap, SRT1720 and knockdown of SIRT1 on IL-8, IL-6 and MMP-9 expression in RPE cells. A, PCR analysis of IL-8 
mRNA expression. 6, PCR analysis of IL-6 mRNA expression. C, Gelatin zymography assay of MMP-9 expression. Stimulation with 
0.3 |iM OAp for 24 h induced significant increases in mRNA expression of IL-6, IL-8 and MMP-9 in RPE cells. Pretreatment with 
SRT1720 markedly attenuated OAp-induced increases of IL-6, IL-8 and MMP-9 expression. Knockdown of SIRT1 gene expression by 
SIRT1 siRNA significantly intensified the proinflammatory effects of OAp. Data are from three representative experiments. *P<0.05, 
"P<0.01 (unpaired f-test and ANOVA). 



reversed this effect, and transfection with SIRT1 siRNA 
significantly exacerbated the Ap-induced decrease of 
TER (Figure 5A). A significantly increased diffusion rate 
of FITC-dextran was observed when the cells were 
stimulated with Ap, but pretreatment with SRT1720 
abolished this effect, and SIRT1 knockdown induced a 
greater permeability than Ap stimulation alone (Figure 5B). 
These results suggested that activation of SIRT1 could 
prevent Ap-induced barrier dysfunction, including decrease 
of TER and permeability dysfunction. 

Expression of kBa and NF-kB in RPE cells 

In the present study, SRT1720 had an obvious effect, 
protecting RPE cells from Ap-induced cytotoxicity and 
inflammation and dysfunction of barrier integrity in RPE 
cells (Figures 2-5). To explore the underlying mechanisms 
of its beneficial effects, RPE cells were pretreated with 
SRT1720 for 60 min before OAp was added. Expression 
of NF-kB (Figure 6A) and kBa (Figure 6C) proteins was 
analyzed by Western blot. Nuclear translocation of 
NF-KB/p65, an index of NF-kB activation, was measured 



using immunofluorescence (Figure 6B). Treatment of 
RPE cells with Ap induced a significant 12.8-fold increase 
in the amount of NF-kB/p65 in the nucleus (Figure 6A), 
positive immunostaining of p65 translocated into the 
nucleus (Figure 6B), and a significant decrease in kBa 
protein content (Figure 6C). Pretreatment with SRT1720 
decreased the amount of NF-kB/p65 in the nucleus 
(Figure 6A and B) and increased the amount of kBa 
compared with stimulation with Ap (Figure 6C). 
Knockdown of SIRT1 with siRNA not only attenuated 
the inhibitory effect of SRT1720 on Ap-induced nuclear 
translocation but also induced a higher amount of 
NF-kB/p65 in the nucleus than the Ap insult group 
(Figure 6A and B). With the altered expression levels of 
SIRT1 (Figure 2D), these results are consistent with the 
theory that SIRT1 activation has an anti-inflammatory 
effect via inhibition of NF-kB activation. In addition, we 
found that the expression level of kBa, an inhibitor of 
NF-kB, was increased in SIRT1-siRNA-transfected cells, 
which implied that the inhibitory effect of SIRT1 on NF-kB 
was not fully dependent on kBa activation. 
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Figure 4. Effects of Ap, SRT1 720 and knockdown of SIRT1 on morphology and locations of occludin, ZO-1 and ezrin staining of RPE 
cells. RPE cells were incubated with varying stimuli for 48 h as follows: A, DMEM/F12 medium; B, 0.3 uM OAP; C, 5 p_M SRT1720 for 
1 h before Ap was added; D, SIRT1 -silenced RPE cells were incubated with SRT1720 (5 ^M) 1 h before Ap was added; E, Negative 
siRNA-transfected RPE cells were incubated with SRT1720 (5 ^M) 1 h before Ap was added. Light microscopy showed that cells 
treated with OAp (B) or transfected with SIRT1 siRNA (D) displayed irregular morphology compared with control (A), but pretreatment 
with SRT1720 (C, £) reversed the effects induced by Ap. Immunostaining of occludin and ZO-1 showed that the localization of occludin 
and ZO-1 perfectly matched the typical cobblestone-like morphology of RPE in the control {A) or SRT1 720-pretreated cells (C), 
whereas it showed not only disorganization of the occludin and ZO-1 , but also disappearance of typical cobblestone-like morphology in 
OAp-treated (B) orSIRTI-silenced cells (D). ZO-1: green; occludin: red; ezrin: green; DAPI: blue; apical: apical side of RPE monolayer; 
basal: basal side of RPE monolayer. 



Discussion 

OAPi_ 42 can induce inflammation and barrier disruption 
in RPE cells (11), but the underling mechanism is largely 
unknown. The main results of this study are as follows: 1) 
SIRT1 is required to protect RPE cells from Ap-induced 
cytotoxicity; 2) SIRT1 negatively regulates OAp-induced 
inflammation and MMP-9 expression; 3) SIRT1 is required 
to attenuate OAp-induced disruption of barrier integrity; 4) 
the protective effects of SIRT1 on inflammation and barrier 
disruption depend on its inhibition of NF-kB. 

The present study showed that exposure of human 



adult RPE cells to Ap induced a dose- and time-dependent 
decrease in cell viability (Figure 2A and B). The protective 
role of SIRT1 on cell viability was further confirmed by 
pharmacological activation of SIRT1 with SRT1720 and by 
the knockdown of SIRT1 gene expression with an RNA 
interference strategy (Figure 2C). Interestingly, we found 
that Ap could inhibit SIRT1 expression (Figure 2D). 
Accumulated evidence suggests that resveratrol, an 
SIRT1 activator, can attenuate Ap-induced toxicity (26). 
Ap-induced MTS reduction as the result of decreased 
mitochondrial membrane potential is a marker of the 
production of excessive reactive oxygen species (ROS) 
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Figures. Effects of Ap, SRT1720and knockdown of SI RT1 on the 
barrier integrity of RPE monolayers. A, Measurement of trans- 
epithelial resistance (TER) of retinal pigment epithelial (RPE) cells. 
6, Analysis of transepithelial permeability by measuring the 
passive permeation of FITC-dextran. Normal orsiRNA-transfected 
RPE cells were cultured for 15 days after TER stabilization, and 
then left untreated (control) or exposed to 0.3 \M OAp for 24 h 
with or without 5 |j.M SRT1720 pretreatment for 1 h. OAp induced 
a significant decrease in TER and increased permeability 
compared with the control. SRT1720 markedly attenuated OAp- 
induced low TER and high permeability, whereas transfection with 
SIRT1 siRNA led to a lower TER and a higher permeability than the 
OAp insult group. Data are from 3 representative experiments. 
*P<0.05, **P<0.01 (unpaired f-test and ANOVA). 



and mitochondrial dysfunction (27). The NAD + -dependent 
deacetylase SIRT1 can increase mammalian FOX03 
transcription factor through direct binding or deacetylation 
to induce cell resistance to oxidative stress (28), which 
implies that Ap-induced inhibition of SIRT1 expression may 
contribute to the reduction of MTS in cells as a result of the 
excessive generation of ROS. Our results are consistent 
with a recent report (29) that suggested Ap-mediated 
SIRT1 inhibition may contribute to decreased cell viability, 
but the mechanism by which Ap regulates SIRT1 expres- 
sion is largely unknown. 

This study demonstrated that Ap-induced IL-8, IL-6, 
and MMP-9 expressions were attenuated in cells pre- 
treated with SIRT1 activators, and the Ap-induced 
proinflammatory effects were exacerbated by knockdown 
of SIRT1 expression (Figure 3). These results suggested 
that SIRT1 could negatively regulate Ap-induced inflam- 
mation. A recent study also reported that the SIRT1 
activator resveratrol prevents the proinflammatory effect 
of Ap on macrophages (30). 

Exposure of RPE cells to Ap resulted in a disruption of 
ZO-1 and occludin (Figure 4), loss of TER (Figure 5A), 
and increased permeability (Figure 5B). Furthermore, the 
SIRT1 activator SRT1720 inhibited deleterious effects of 
Ap on morphology (Figure 4) and barrier function of RPE 
monolayers (Figure 5), and knockdown SIRT1 expression 
aggravated Ap-induced RPE barrier disruption (Figures 4 
and 5). Ap-induced MMP-9 expression may contribute to 
barrier disruption (11,31); therefore, transcriptional inhibi- 
tion of MMP-9 by SIRT1, which is a negative regulator of 
MMP-9 (25), may protect RPE cells from Ap-induced RPE 
barrier disruption via inhibition of MMP-9 expression. Ap 
induced a diffuse ezrin staining at both sides of RPE cells, 
but activation of SIRT1 did not attenuate the effect of 




Figure 6. Detection of NF-KB/p65 and kBa expression. A, Western blot analysis of NF-KB/p65 expression in the nucleus. B, 
Immunofluorescence images for nuclear translocation of activated NF-KB/p65 subunit. C, Western blot analysis of kBa expression. 
Exposure to OAp induced a significant increase of NF-KB/p65 protein level in the nucleus and markedly increased nuclear NF-KB/p65 
staining. In addition, the protein level of kBa was decreased in OAp-stimulated cells. SRT1720 significantly abrogated the effect of 
OAp on NF-KB/p65 expression or nuclear translocation, and kBa expression. Silencing SIRT1 expression by siRNA blocked the 
inhibitory effect of SRT1 720 on OAp-induced NF-KB/p65 expression and activation, but it also significantly increased the protein level of 
kBa. Relative protein expression was quantified by calculating the mean gray density value. Green fluorescence indicates the location 
of the p65 subunit; nuclei are stained with DAPI (blue). Sr: cells treated with SRT1720; Si: cells transfected with SIRT1 siRNA; Ni: cells 
transfected with negative control siRNA; TBP: TATA binding protein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase. *P<0.05, 
**P<0.01 (unpaired f-test and ANOVA). 
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A(3 on localization of ezrin (Figure 4). This result implied 
that Ap stimulation could destroy the well-developed 
polarization of normal RPE monolayers, but it was 
independent of SIRT1 inhibition. Although diffuse immune 
staining of ezrin has been reported in atrophic and 
hyperplastic RPE cells of patients (20), the essential 
factor that controls localization of ezrin or polarization of 
RPE is largely unknown. 

Western blot analysis of NF-kB and kBa as well as 
immunofluorescence of NF-kB/p65 suggested that 
SRT1720 protected RPE cells from the Ap-mediated 
breakdown of barrier integrity via its activation of SIRT1 
(Figure 6). SIRT1 then suppressed NF-kB activation 
(16,17), which is required for transcriptional regulation of 
IL-6, IL-8, and MMP-9. 

Therefore, we conclude that SIRT1 activation attenu- 
ated Ap-induced inflammation by suppressing NF-kB 
activation, the transcription of which regulates expression 
of IL-6, IL-8, and MMP-9 (Figure 7A). The prototypical NF- 
kB complex, including a heterodimer of p50 and p65 
subunits, is chiefly sequestered in the cytoplasm through 
its association with kBa (32). The I kappa B kinase (IKK) 
complex, including two catalytic subunits, IKKot and IKKp, 
as well as a regulatory subunit IKKy (NF-kB essential 
modulator), lies at the confluence of the different NF-kB 
signaling cascades: Toll-like receptors, T-cell receptor, or 
ataxia telangiectasia mutated protein. Stimulus-induced 
phosphorylation of the IKK complex mediates kBa 
activation or phosphorylation, this response in turn triggers 



the rapid ubiquitination and subsequent degradation 
of kBa, and the newly liberated NF-kB heterodimer 
then rapidly translocates into the nucleus (33). Then, 
p300/CBP-mediated RelA acetylation increases transcrip- 
tional activity of NF-kB (33), which then transcriptionally 
regulates genes encoding cytokines and MMPs. However, 
acetylated forms of RelA are deacetylated through specific 
interaction with SIRT1 (17). Deacetylation of RelA pro- 
motes its effective binding to kBa and leads to kBa- 
dependent nuclear export of NF-kB (33); therefore, SIRT1 
could attenuate NF-kB activation-mediated inflammation 
via deacetylation of RelA/p65. On the one hand, Ap could 
bind Toll-like receptor 4 (30) to activate the classical NF-kB 
signaling pathway; and, on the other hand, Ap could 
increase NF-kB activation via inhibition of SIRT1 (Figure 
7A). Then, NF-kB activation induced by Ap transcriptionally 
regulates IL-6, IL-8, and MMP-9 (34,35). In general, Ap, 
detected in drusen of AMD (3-5), may trigger inflammatory 
responses in the RPE/choroidal layers of the eye for the 
following reasons (Figure 7B): 1) The retina is an immune- 
privileged site where inflammatory responses are sup- 
pressed, but opening of epithelial barriers by MMP-9 may 
be a mechanism that allows passage of plasma proteins 
and inflammatory cells into this privileged compartment. 2) 
The aqueous humor of AMD patients contains higher 
concentrations of IL-6 and IL-8 (15), which play pivotal 
roles in NK cell and neutrophil recruitment. It has been 
demonstrated that the two kinds of immune cells could 
accelerate tissue damage via release of ROS or directly 




Figure 7. Schematic illustration of the effect of OA(3 on the NF-kB/SIRT1 pathway in cells and the role of OA(3 in the chronic 
inflammation of AMD in tissue. A, Ap induces NF-kB signaling via inhibition of SIRT1. 1: Binding of Ap to an extracellular receptor, such 
as TLR4, leads to phosphorylation of IKK complex subunits (NEMO, IKKa and IKKp), which subsequently phosphorylate kBa and lead 
to its proteosomal degradation. This then releases NF-kB into the nucleus. 2: Newly liberated NF-kB can be acetylated for full- 
transcriptional activation. However, the acetylated NF-kB can also be deacetylated by SIRT1. This action of SIRT1 promotes IkBol 
binding and nuclear export of the deacetylated NF-kB complex, which terminates the NF-kB response and replenishes the cytoplasmic 
pool of latent NF-kB/IkBc< complexes. S, Ap-induced expression of IL-8, IL-6 and MMP-9 contributes to chronic inflammation in age- 
related macular degeneration. Figure adapted from Refs. 11,33,38. 
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inducing apoptosis of cells (36,37). 3) Continued presence 
(sometimes over many years) of proinflammatory factors 
and immune cells in the retina may cause chronic 
inflammation. Together with these observations, our present 
results demonstrated that Afl-induced inflammation and 
RPE barrier disruption were regulated by the SIRT1/NF-kB 
pathway. Maintenance of barrier integrity in the RPE by 
blocking the action of A(3 or by activation of SIRT1 may thus 
represent a new approach to the treatment of AMD. 
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